Introduction
Ibuprofen (RS-2-(4-isobutylphenyl)propionic acid) is a nonsteroidal drug with potent anti-inflammatory analgesic and antipyretic properties. It has been extensively used for the treating active rheumatoid arthritis, osteoarthritis, ankylosing spondylitis and acute gouty arthritis. 1 Apart from a non-specific visual titrimetric method advocated by the British Pharmacopoeia, 2 methods including high-performance liquid chromatography, [3] [4] [5] [6] thin-layer chromatography, 7, 8 capillary electrophoresis, 9, 10 spectrophotometry, [11] [12] [13] [14] infrared spectrometry, 15 polarography, 16 conductometry, 17 non-aqueous titrimetry, 18 and potentiometry 19 have been suggested.
The literature has revealed that metalloporphorins have been used as active membrane components in the design of liquid/polymeric anion-selective sensors. 20 Metalloporphyrinsbased devices display anion selectivities that differ significantly from those of conventional ion-exchanger sensors. 21 Although the exact mechanism for the anionic response of these sensors may vary depending on the nature of the porphyrin species doped into the membrane, 22 several reports have suggested that the altered anion selectivity patterns are dictated by the relative strength of interaction of anions as axial ligands with the metal center of the metalloporphyrins, 23 and structural influences from the surrounding porphyrin macrocycle. 24 The potentiometric anion responses of polymeric membranes doped with various porphyrin In(III) structures have been studied, and showed nonHofmeister anion selectivity. 25 Metalloporphyrins as drugsensing materials appear to be one of the most promising classes of compounds to be used as the active material in potentiometric sensors. 26 This paper describes ibuprofen sensors based on 5,10,15,20-tetraphenylporphyrinato indium(III) (TPP) In(III) in poly(vinyl chloride) and polyurethane matrix membranes plasticized with dibutylsebacate (DBS). The sensors show a sensitive response with good performance characteristics, and offer an accurate and fast method for a routine quality-control assessment of ibuprofen in various pharmaceuticals.
Experimental

Reagents
All of the chemicals used were of analytical reagent grade unless otherwise indicated, and doubly distilled deionized water was used to prepare all aqueous solutions. High-molecularweight poly(vinyl chloride) (PVC), Tecoflex polyurethane (PU) (Sg-80A), and dibutylsebacate (DBS) were purchased from Eastman Kodak (Rochester, USA). Tetrahydrofuran (THF) was obtained from BDH (Poole, England) and freshly distilled prior to use.
The synthesis of 5,10,15,20-tetraphenylporphyrinato (TPP) indium(III) was carried out according to a method of Alder and co-workers. 27 Pure ibuprofen was obtained from El-Nasr Pharmaceuticals and Chemicals Co. (Egypt). Dosage forms containing ibuprofen were obtained from local drug stores.
Equipment
All potentiometric measurements were carried out at room temperature (25 ± 1˚C) using a Cole-Parmer 5800-05 pH 
Ibuprofen membrane sensors
The membrane sensors were prepared and assembled as described previously. 28, 29 The quantities of materials used were 5,10,15,20-tetraphenylporphyrinato indium(III) (10 mg), dibutylsebacate (360 mg) and PVC or PU (170 mg). The internal reference electrode was a silver-silver chloride wire (∼0.5 mm) immersed in an internal solution of equal volumes of 10 -2 M ibuprofen and 10 -2 M potassium chloride. The sensor was conditioned by soaking in 10 -2 M ibuprofen for 24 h before use, and stored in the same solution when not in use.
Sensor calibration
The sensors were calibrated by immersing an ibuprofen PVC or PU membrane sensor in 50 ml beakers containing 10 ml aliquots of standard 1 × 10 -2 -1 × 10 -6 M ibuprofen solutions in conjunction with a double-junction Ag/AgCl reference electrode; the pH of the solutions was adjusted to 7.2 using a phosphate buffer. The potential was recorded when it became stable (within ± 0.5 mV from the final equilibrium potential). The potential response was plotted as a function of the logarithm of the ibuprofen concentration. The calibration plot was used for subsequent measurements of unknown drug concentrations.
Sensor selectivity
The sensor selectivity was measured using separate solutions (SSM) and fixed primary ion (FPM) mixed solution methods. 30 In a separate solutions method, the potential of a cell comprising an ibuprofen sensor and a double-junction Ag/AgCl reference electorde was measured with two separate solutions of ibuprofen and interfering ion with the same activity (10 -3 M). EA and EB are the measured potential values for ibuprofen and interfering ions, respectively. The selectivity coefficient KA,B pot was calculated using
where KA,B pot is the potentiometric selectivity coefficient; S is the slope of the calibration plot; aA is the activity of ibuprofen, ZA and ZB are the charges of the ibuprofen and interfering ions, respectively.
In the mixed-solution method, the emf of a cell comprising an ibuprofen sensor and a double-junction Ag/AgCl reference electrode was measured for solutions of 10 -3 M ibuprofen (aA) and varying activities(10 -2 -10 -4 M) of the interfering ions (aB). The obtained emf values were plotted vs. the logarithm of activity of the interfering ion.
The intersection of the extrapolated linear portions of this plot gave a value of (aB) that was used to calculate KA,B pot from
Determination of ibuprofen in pharmaceutical preparations
The contents of five tablets of ibuprofen were finely powdered and an accurately weighed portion equivalent to one tablet (200 -600 mg) was dissolved in about 20 ml of doubly distilled water and filtered into a 50 ml volumetric flask. The solution
was completed to the mark with phosphate buffer of pH 7.2 and shaken. An aliquot (10 ml) of the solution was transferred to a 50 ml beaker, and an ibuprofen sensor in conjunction with a double-junction reference electrode was immersed in the solution. The potential of the sensor was measured and compared with the calibration graph.
Alternatively, the potentials were measured before and after the addition of 1.0 ml of a 10 -2 M standard ibuprofen solution to the test solution, and the unknown concentration was calculated using the standard addition (spiking) method. 29 
Results and Discussion
Performance characteristics of the sensors
Membrane sensors incorporating plasticized PVC and PU as polymeric matrix membranes with 5,10,15,20-tetraphenylporphyrinato (TPP) indium(III) ionophore were prepared, and their potentiometric response characteristics were evaluated. The composition of the membrane was 1 wt% TPP In(III), 66 wt% DBS solvent mediator and 33 wt% PVC or PU. An electrochemical evaluation of the sensors according to the IUPAC recommendations 30 and a validation of the ibuprofen assay method were made.
The performance characteristics of the sensors, based on data collected over a period of four months with four assemblies for the two membrane sensors, are given in Table 1 . Calibration graphs of both sensors are dipected in Fig. 1 . A sensor based on 5,10,15,20-tetraphenylporphyrinato indium(III) PVC membrane plasticized with dibutylsebacate (DBS) exhibited a nearNernstian slope of -53 mV decade -1 over the concentration range of 4.2 × 10 -6 -1.0 × 10 -2 M ibuprofen. The lower limit of detection was approximately 3.1 × 10 -6 M, and the life-span of the sensor was about 6 weeks. After that, the calibration slope gradually decreased, probably due to leaching of the ionophore from the membrane. On the other hand, an ibuprofen membrane sensor based on the polyurethane (PU) matrix showed a linear stable response for ibuprofen drug with a calibration slope of -55 mV decade -1 over the concentration range of 3.3 × 10 -6 -1.0 × 10 -2 M ibuprofen. This sensor displayed a better calibration slope and a longer life-span (8 weeks). The response time of both sensors for 1 × 10 -2 M ibuprofen was approximately the same (∼15 s).
Effect of the pH
The potential stabilities of PVC and PU-based membrane sensors over a wide pH range were examined with 10 -6 -10 Parameter PU response over pH ranges of 4.5 -8.5 and 5 -9 for TPP In(III)-PVC and TPP In(III)-PU membrane sensors, respectively. At pH values lower than 5, the potential reading sharply increased for both sensors, probably owing to the decreased concentration of the free drug. At higher pH values (> 9), a slight decrease in the potential was noticed, probably due to the interference by the hydroxide ion. At higher pH values and with a relatively high concentration of ibuprofen (10 -2 -10 -3 M), the ibuprofen anion was the primary analyte ion and OH -slightly interfered. With a relatively low concentration of ibuprofen (10 -3 -10 -6 M), the increase in the OH -concentration to ∼pH 10 affected the potentiometric response of the ibuprofen sensor, and deviated from linearity.
The potential-pH plots revealed that both sensors have nearly the same pH working range. It is clear from the results that membranes doped with TPP In(III) showed a negligible pH response in the region between pH 4.5 and 9. This would be important if such membrane sensors are used for the direct measurement of ibuprofen in undiluted physiological samples.
Selectivity of In(III) TPP based membrane sensors
Potentiometric selectivity coefficients (KA,B pot ) of TPP In(III)-PVC and TPP In(III)-PU based membrane sensors were determined using the separate solutions and mixed solution methods. 30 The measurements were made with 10 -3 M ibuprofen and the interfering anion solutions in 0.05 M phosphate buffer of pH 7.2. The obtained results summarized in Table 2 clearly indicate that both sensors were reasonably selective for ibuprofen over the other anions tested (e.g., F -, Cl -, Br -, I -, NO3 -, NO2 -, SO3 2-, SO4 2-, CNS -, acetate, oxalate, tartrate, citrate, benzoate, formate, salicylate and phthalate), pharmaceutical excipients and diluents commonly used in drug formulations (e.g. glucose, lactose, maltose, gelatin, mannitol, corn starch, talc powder and magnesium stearate). In most cases, the selectivity of a PVC-based sensor was slightly better than that based on the PU matrix. Differences in the selectivity coefficients values obtained by the SSM and FPM methods were due to the non-Nernstian response of the sensors toward some interfering anions. These substances at levels higher than ∼10 3 fold molar excess over the ibuprofen concentration interfere. These results indicate that the anion selectivity of the TPP In(III)-PVC and TPP In(III)-PU based membrane sensors did not follow the classical Hofmeister selectivity order. The observed deviation from the Hofmeister selectivity pattern for membranes doped with TPP In(III) suggested that the anions were selectively coordinated with the central indium(III) at the membrane/sample interface. It has been reported that porpyrins In(III) with σ-bonded species at the axial position exhibited no further complexation with other anions. 31 These results support the idea that anion exchange at the axial coordination site was essential for the potentiometric response. Indeed, the selective coordination of anions to the metal center should be preceded by the generation of electrophilic sites at the membrane/sample interface through the liberation of initial axial ligands. Figure 2 illustrates the possible mechanisms responsible for the anion response of porphyrin In(III)-based membrane sensors. In Fig. 2a , the ibuprofen anion in the aqueous sample solution can be extracted into the membrane phase as a sixth ligand of the already neutral porphyrin structure (with an ibuprofen anion already bound to the fifth site), yielding a negatively charged metalloporphyrin-anion complex (neutral carrier mechanism). 32 Alternatively, phase boundary potentials at the membrane sample interface can be due to equilibrium reactions at the initially ligated fifth site of the ionophore in the membrane phase (Fig. 2b) ( i.e., associative charged carrier mechanism). 33 Since the latter mechanism did not involve the formation of a strong σ-bonded porphyrin In(III), 31 it is suggested that such a charged carrier concept may be the predominant mechanism.
It can be seen that the selectivity coefficients measured by the SSM and FPM methods varied by factors of ∼10 2 and 10, respectively, between PU and PVC-based membrane sensors for I -, SO3 2-, acetate, benzoate and salicylate anions. This may be due to a preferential dissolution of these ions in the PU 
Potentiometric determination of ibuprofen in some pharmaceutical preparations
The reliability of the TPP In(III)-PVC and TPP In(III)-PU based membrane sensors for the quantification of ibuprofen in pharmaceutical preparations was assessed by determining 2.3 -6.2 × 10 -4 M standard ibuprofen using the calibration graph and standard addition methods. The results show an average recovery of 99.8% and a mean standard deviation of 0.2% (n = 6) with both sensors. Ibuprofen was also determined in various dosage forms; the results (Table 3 ) obtained with TPP In(III)-PVC and TPP In(III)-PU showed average ibuprofen recoveries of 99.1% (rsd 0.3%) and 99.3% (rsd 0.3%) for ibuprofen drug, respectively. Data obtained using the HPLC method of the United States Pharmacopeia 34 showed an average recovery of 98%, and a mean standard deviation of 0.6%.
The present method was validated for use in drug qualitycontrol according to the quality-assurance standards 35 using six batches (six determination each). The results showed that the range was 3.3 × 10 -6 -10 -2 M, the precision ±0.5%, the accuracy 99.4%, the truness 98.6%, the repeatability CVw 0.6% and the between-day-variability CVb 0.8%. A calculation of the student's t-value at the 97% confidence level indicated no statistical difference between the calculated and theoretical values. This confirms the applicability of the sensors for the accurate routine analysis of ibuprofen in various drug formulations.
Conclusions
Direct potentiometric measurements of ibuprofen drug using TPP In(III)-PVC and TPP In(III)-PU based membrane sensors offer a simple and rapid monitoring procedure. The present sensors show useful sensitivity, reasonable selectivity, a fast static response, long-term stability, and applicability over a wide pH range with minimal sample pretreatment compared with many of the previously described procedures. 
